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Towards the automation of the Local Analytic Sector subtraction Sandro Uccirati

1. Introduction

Automation of QCD computations at NNLO is an ambitious and necessary goal, to achieve
the required degree of accuracy for theoretical predictions. To this end, one needs to overcome
two main bottlenecks: the automation of two-loop corrections and the treatment of infrared (IR)
singularities in full generality. While at NLO there are successful general algorithms, such as
the Frixione-Kunzst-Signer (FKS) [1], Catani-Seymour (CS) [2] and Nagy-Soper [3, 4] subtraction
methods, the complexity of the problem increases at NNLO, where several different methods [5—
17] have been developed, however, so far, without reaching the desired degree of generality and
automation. We present here recent progress towards the automation of the Local Analytic Sector
subtracion [18-20], which attempts to construct a universal local subtraction procedure that is
completely analytic and amenable to efficient numerical implementation.

2. Local Analytic Sector subtraction at NLO

Given a partonic process with incoming momenta p;, p, and n particles in the final state, the
contribution to the NLO differential cross sections for an IR-safe observable X, can schematically

be written as

dorwo — d A
% - Jd@nvaif +qu>n+11e5,’f+l +qu>;x C(x, %) 6%, 1)

with 6X = §(X — X;), X; standing for the observable computed with i-body kinematics and
fdoxt = Sl dx Sl 4E(d®, (xp1, £p2). The first term is the contribution of the virtual corrections,
containing explicit e-poles (where d = 4 —2¢ the space-time dimensions), the second term is the
phase-space integral in d®,; of the real squared matrix element, which is affected by phase-
space divergences and the last term is the collinear subtraction counterterm stemming from PDF
renormalization for the incoming partons. The IR safety of X allows to adopt a subtraction procedure
consisting of subtracting a counterterm K from R and of adding it back to V, analytically integrated
according to

qu)n-&-l Ko&X = qu)n 165 + fdd)j‘f J(x, %) 6%, )
and rewrite the contribution of the NLO partonic cross section as
doyo — do 5 .
% = fd(l)n Veub 05 + f d®,1 RX, + fd(D’,ix Caup (X, £) 6%, 3)

where Voo = V + 1, RY, = R6X, | — K 6, and Cqp(x, £) = C(x, £) + J(x, £) are separately finite
in 4 dimensions and free of phase space divergences. To define the counterterm K, we start with
the partition of the (n+ 1)-body phase space through the sector functions [1]

O'[j 1
Wi = —, oij = , o= Okl “4)
where 7 () is the set of final-(initial-)state partons and e; = sg;/s, wij = $Sij/Sqi/Sqj, Where

q = (\/s, 6) is the partonic center-of-mass momentum. By construction the sector functions sum
up to one according to >}, 4> j ;W =1. Moreover they vanish in all singular limits, except the
limit S; where particle i becomes soft and the limit C;; where particles i and j get collinear, so that

R=YY [Si+Cij(1fS ]Rw,, S 31 = 8)(1 - C)RW; — finite. 5)

ieF j#i ieF j#i
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The combination > ;>3 [S: + Ci;(1 — S;)]R W; is thus a good candidate for the required coun-
terterm K, however it factorizes Born squared matrix elements which carry the proper n-body
kinematics only in the singular limits. We can overcome the problem by mapping the (n + 1)-body
kinematics into an n-body kinematics and a radiative one, in such a way that the combination R — K
remains finite and the analytical integration of K in the radiative phase space is feasible. To this
end we conveniently use Catani-Seymour mappings {/E}(“b <) [2], which naturally induce a simple
factorization of the d®,, | phase space. There are three relevant cases:

Final a,b,c: Sap = 5, Sac = 2(1=Y)5, spc = (1=2)(1—y)5, 5= 2k(ab°) kﬁ“”“),
Jd%ﬂ(m,pz) = % N Jd<1>5f'bc)(p1,pz) J de s1n—2€¢desz (1-y)*z(1-2) }
Final a, b, initial ¢: 54 = (1—X)5, Saqc =25, Spe = (1—2)5, 5= zk(abc) ke,
1 T 1
fdd),,,ﬂ(pl,kc) = Sntl Ny dxfdd)iabc)(pl,xkc)s'l’ff de sin*sz dz[(1-x)z(1—-2)]"¢
Sn 0 0
Final a, initial b,c:  sqp = (1—x)5, Sac = (1=x)(1—=v)5,  spe =3, 5s=2kp - ke,

1 T 1
fddj)n“(kb,kc) = Snl oy f dx fd@ﬁl“’”)(xkb,kc)s-“fj de sin*sz dv[(1—x)2v(1—v)] "¢ (1—x),

where N = (4x)€2 /\F /T(1/2—¢€) and ¢y, is the combinatorial factors for a phase space with m
final-state particles. To explicitly write the counterterm K, we introduce the barred limits S;, C;; i
to be understood as operators which simultaneously extract the relevant singular limits and convey
a specific momentum mapping. Then K and Rs)fl , are given by

K=, [gi +EU(1_§L’)]R(M/U, RX, =R&X, — K&, ©
ieF j#i

The definition of the barred limits is not unique and we perform our choice with the goal of a trivial

b . .
(a <) . Of course also an efficient numerical

analytical integration in the radiative phase spaces d®_,
integration of R;ﬂb is desired, therefore we use again the freedom in defining the barred limits to
modulate their behaviour away from the singular region and introduce three parameters a, 8,y > 0
in analogy with the @ parameter in CS or ¢ and ¢ constants in FKS. This can be done without
spoiling the simplicity of the analytical integration, by introducing appropriate damping factors.
Marking with a bar the quantities depending on barred momenta, we define the barred limits as

SiRW;=-2M) {“ecezﬂ 2)” [x"ece¢+<1—y)“ace¢]}8£3 BUD s Wy,
c#i diid<c del del deF

c _M A=) () 3Gir) . o) o 17 U=2)" (o) gairs) 4 (m glirs)
Cij RW;; = ;j{eg — (BB + 0 )+9£T —= (R B+ 0 B
+ [9]'57—" P+ 60jeq (1 —)’)ﬁ] (PijB(ijr) + Q{}"Bff{”) } Cii Wi,

rel ref
§,‘6in(‘/%‘]' = N1 ZCJS 81(:){ x [9.,'6‘1['(1 —V)7+]E(ijr) + QJ'E] (1 _Z))f—]g(irj)]
re ref
+ (122 0jer 5P + 0,7 (1= | BU7 ], ©)
rel ref
where Ni = 8ras(p?e’E /4/n)€ and ;s (S = I, ) is 0 or 1 for particle i belonging to S or not.
The meaning of the Born squared matrix elements B.4 and B, as well as the expressions for the

soft kernel S(i) =1, ) and the final- state Altarelli-Parisi kernels P;;, Qi’;." can be found in [20]. The

initial-state Altarelli- Par1s1 kernels P ”]l Q(I ‘fy read

2x(1 .
P‘(ZI; = TR {1, xl(,e)}(f;]qu+f“qul)+CF {2%+(1 e)(1— )} (f +59 )fb
+Cr [2?+(1_5)x:|fag(qu+qu)+2CA [%Jrl%ﬂ(l—x)]fagf;’,

3
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1 G 5 ”k - 1
QU —= [CF (il +rd ) - CAfagfbg] [ g’ +(d-2) Ik ] k= — (Sjrkfl —sirkf — szjkf> ,

x 7 Sjr

where f* (+ = q,4, g) is 1 or 0 for particle i being of type * or not. After having subtracted the
counterterm K, we add back its integrated form according to Eq. (2) and get for I and J(x, £):

No initial-state partons: I=1F, J(x, %) =0,

1
IF — ;Z;{ CB+ |:2’}/B+ Z Lchcd:| |:2¢—Z’yj jr:|B+ZLLd|:2_ 2 :|Bcd (8)

c,d#c c,d#c

[M”Zcmr 2 A7 (A -247) - ZcAmﬂhcAm}B 247 ) Lch“’}
c,d#c

One initial-state parton: [ = I¥ + I, J(x, %) = J(x)s(1—-%) + JU(%) 6(1—x),

1= 2200, | 2420 - AP (A) - A2 1) + A B, ©)
S = B P+ PO )+ L [yhtzh‘?u(chcf)A“)]fch ) a0
2 € “ l—x) L7 7 Jal @ a\l—x/,
xIn(1—x) xlta as [(x'*e
2C <“>—A<;>—1—L ) B 2LyiBai:
* f“[( 1—x )++(1—X+Ay “ 2n \1— x+2 asai
JEF

Two initial-state partons: [ = I + [, J(x, %) = JH(x)6(1—%) + JH(%) 6(1—x),
a
1" = 220+ Ch) [ =)= A7 (247247 +A7 ) 4340 | B+ 4| (= )+ 47 |Bus . (10)

a 1 2 Y148
M) = 52 { [;Lar]Pa<x>+P£ )+ (_l—x |y 4y st 42 (S - €y, ~ C ) A7 |
+

xIn(1—x) xHn(1—x) x xl+a
2, |2 - - oy (L (<'>—A<;>—1—L ) B
i f“[ < I—x >+ < I—x 1_X+AA/+ 1_x+Ay “
xtIn(1—x l+a lta
_ s ), U=2)) | (* (Aﬁi)—i—l—s—Lab) Bap + (= N 2L4Baj b
2n 1 —x '\ I=x ), 1—x Vi

The single pole of J(x, £) is correctly given by the regularized Altarelli-Parisi probabilities (see
Ref. [2]) P, = (fI+f1)(P19+ P98)+ 5 (P39 + P88), cancelling the corresponding one in C(x, £).
The other shorthand notations are given by

PU (x) = ff{[TR(x2+(1—x)2)+2CA<1_TX+X(1—x)>](mln(l—x)—A(y‘)) T 2x(1—x)}

+ (£ +f;fi)CF{[l+(1x77x)2 +1 —x] (m ln(l—x)—A;I)) +x}, (m=1,2)
=2 Crus Ya = %CF(uL[+fj)+%BOff’ Ty = XVar Ve = va—2Cp, I = Y,
a z a
o = DerGi e e S haE - SO S = el eu = o+ (6-Ja)Cu. T - 3 ea.
L :m%, AY =ye +¥O0(+1), AP :)/Ea—1+‘i’<0)(§+2), AQ = ‘P<1)(f+2)+1—£2

The subtraction procedure at NLO has been implemented in MadNkLO, a Python framework to
automatically generate all ingredients for NLO and NNLO computations. We could check the
efficiency of the cancellation of phase-space singularities up to pp — 3j and validate the method
with MadGraph35 [21] on physical cross-sections, such as eTe™ — 2jand pp — Z j.

3. Local Analytic Sector subtraction at NNLO for final-state radiation

Moving to NNLO, we consider a process with n partons in the final state only. In this case, the
NNLO contribution to the differential cross section for an IR-safe observable X reads
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do —do
% = fd(bn VY + fd@nﬂ RVSY.  + qumz RR&X 5, (11)
where RR, RV, and V'V are the double-real, real-virtual and double-virtual squared matrix elements
respectively. The sum of these three contributions is finite due to the IR safety of X, but separately
they feature phase-space singularities in the extra real radiations (RR and RV and explicit virtual
singularities (RV and VV). A subtraction procedure at NNLO consists in modifying Eq. (11) by
adding and subtracting appropriate counterterms to get
do —do
% = J d®,, V Vi 6y + fd@nﬂ RVX + fd(DnH RRY, . (12)

where the three contributions are separately free of phase-space singularities and of € poles. Our
first step in setting up the subtracted double real squared matrix element is to make a partition of
the double-real phase space introducing the sector functions

Tijkl 1 1
Wijia = et o= 2 Z Z Tabed s Tabed = (awan)® (eetopceatied’ a>1, (13)
a. b#a c#a d#a,c aWab c bc€a cd

which minimize the number of singular phase-space limits in each sector!:
(1-8:) (1 =Cyij) (1 =8;5) (1 = Cijr) (1 —SCijx) RR Wijje — finite,

(1-8;) (1= Ci) (1 =Si) (1 = Cije) (1 = SCijx) (1 — SChij) RR Wijp; — finite,

(1=S8i) (1 —Cyj) (1 = Six) (1 = Cijrr) (1 = SCixs) (1 — SCiij) RR Wyjiy —  finite (14)
Considering that RR = >}, ;; Dpzi 2uzix RR Wijki, we can construct the counterterms, in
analogy with the NLO case, by introducing the mappings of the momenta. To this end we choose
nested Catani-Seymour final-state mappings {k} — {k}(@2¢) — {k}(abe.def) (see Ref. [20]), which
involve a minimal set of (n + 2)-momenta and are built in terms of Mandelstam invariants. This
allows to define a subtracted double-real squared matrix element RRgflb as sum over sectors of
quantities that are finite in the whole (n + 2)-body phase space. It is also possible to perform the
sum of the sector functions and get the following compact expression for RRsu :

b
RRY, = RR6Y,,—KMaX, - (K@ +k02)5X, (15)
The counterterm K () reads (r # i, j) o
C, v
MY e 3 e
i c#id#i,c i, j>i

while for K(z) and K 1) we have (r # i, j, k: r' # i, j, k1)

2 Z { [ 2 & ’)ijgclef)+ Z 48 J)Bg:eddled)_F 28£QB£:1Cde]Cd):| Sig)gigcd)} ’

iL,j>1 c;él] e#i,j,c,d e#i,j,c,d
d#i,j,c f+#i,j,c.d,e
hC(#)V g®
2 _Jk(r cd p(jkr.icd) (@) p(jkr,icr) ©) gi) glkrj.ijr)
-3 ZN { > [ > S Bed "+ Eer By ]+cm & By
i,j#i lkcsr&t c#LJkr - d#Lj ke
>J : krj,icj)
@) (C) s(krj,icy) ( J>icj .
+ Z Sjc [ B'm, Lik]e +B uv,[jklc (quk quk )] + (] g k)}
h c#i, .k
c,uv Phc yv Phc,p(r
1]k(r l]kr lj KI(r') s(ijr'klr")
i, j>i k>j sljk i, j>i k#j 1#] Sij Skl
k>i l>k

I We introduce the uniform limits S;, (where particles a and b become uniformly soft), C,j. (Where particles a, b,
¢ become uniformly collinear), C,;.q (Where particles a, b and particles ¢, d become pairwise uniformly collinear) and
SC.pc (Where particle a becomes soft at the same rate as particles b and ¢ become collinear).
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12) _ 2 (l) 1 () (icd) tcdjef) (j)(lcd) (lCdjed)
ko -y Stel| X (3 X ey ey )
Lj#l c#I,J e#i,j,c,d f#i,j,c.d,e

d#i,j.c g
(])(ldc s(idc,jed) (])(lcd sicd,jed) (tcd]cd)
2 8 cded + 8 (Bcdcd +Ca B )]

e#i,j,c,d

(i) a()licy) plicj,cjd) i) (ijd) (l id,cjd)
— a8 8Y)0N Bk 4 g1) gU)ID gl )}

2 (t) plicdsjkr) © o) _Jk(r) pliik.jkr)
I D IDIR D NE A _(tcd) Bivea Chiu PLing € — iy Buv
ik \ etk 5k 25,
k>j  d+#i,jk,c ’

{ (tcd)hc uv P(ijk)hc,/zv

5(ijr)he, uv 5(irj)hc,uv
©) o) | Jk(r) (ijr,jkr) (z]rkr]) Jk(r)  (irj.jkr) _(lr_] krj)
= Crnp 857 | (B =B+ S (B )
2sjk 2sjk
(tj¢)hc;4v
s® _Jk(r) [ o) plijekr)) | fUickr))  0qpG _ rdeq
* ;k je o (l]c [pjk B/w Gkle T8 (k) (fif = F7 1 )]
c#i,j
(lc])hC/JV
() Jk (r) «©) plicjkrj) (icjkrj) / rq g .
Z 816 25 (lC]) I:pjk B;tv [jk]e +B/tv [ik]e (f fk f fk )] + (-] < k)}
c#i,j,k

Q/‘V l/r) k(llr) k(z]r) ];(ijr) o

2 ij r) J) ijr) | ZU ke d.p dy p(ijr.jed)

N Z { Z Z l ij 8 S (zjr) _(ijr) _(ijr)  =(ijr) Bcd
i, j>i\ c#i,j d#i,j,c Y jL de sjc sjd

he, v
lJ(r (k)(ijr)p(ijr.ked) ljr p(ijr.ker) (k)(ljr) (ijr.kcy)
+ == l > EUEDRIIeD L N GEIETIBLIET 4 3 2 B ]
Sij k#i,j L c#1,j,k,r c#i,J k,r c#i,j,k

d+#i,j,k,r,c

P
l/(" Jk(r) _(ljrjkr) Z Z hc,uv kl(r S(ijr klr")
sy 0 Sy e
) S].k k#i,j l;lé;ik Skl

Chapy=Cra=Cr,
(Zl),] = % The soft and hard-collinear kernels are
[ab]

he P(ljr)hc N0 5(ijr’ )he,por
}, (18)

k>

Cf[ab]+cfa_cfb

© _
with Pap o

and p

1 ; . sir
S L -3 Lrn, et — 1;;";(5; - ) +sij (20580 20,80 g,
Lj|r

Bt — —{P,-jk —sl.jk[cfk (4cfk5£‘r>s,flr> S,E"rf)) Yok +( Hk)]} nY 4 QM

6l - 1) -
ijk’

where Ic(ij ), P;jx and Q’l‘]‘; have been computed in [22] and can be found written in our notation
in [20] (as can B.4.r). We notice the appearance of B.q = f§ AV*T T, A9 with (T4) gc = dagc,
where ﬂf,o) is the Born amplitude. As explained in [20], nested Catani-Seymour mappings lead
to a natural factorization of the (n + 2)-body phase space in an (n + 1)-body phase space times a
single radiation phase space, and in an n-body phase space times a double radiation phase space.
These properties allow to analytically integrate K ™ and K 2 in the single radiation phase space

and K @ in the double radiation phase space, following the techniques explained in [20], and thus
to compute / M, 112) and 1 @) defined by

fd@,ml(l) = f d®, o KW, f do,1? = f A0, K, f A0, 11? = J d®,» K1, (19)

After subtracting K (U, K @, K (12) to RR and adding them back in their integrated versions (1),
1@, 1(12) the NNLO contribution to the differential cross section reads

doynio —donio

e - J d, [V +1®|5X + J a0, [(RV+1D)5X, +1025% ] + Jd(DHzRwa, (20)
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where RRX |
sub

four dimensions. The integrand of the d®,, ;| phase-space integral still features explicit € poles as

given in Eq. (15), is free of phase-space singularities and can be safely integrated in

well as phase-space singularities, but the following properties hold:

RV + IW is free of € poles ; 1V X 4 (12) 63,( is phase-space finite . 21)

n+1

Thanks to these properties of M and 112)] it is evident that, to get a subtracted real-virtual
squared matrix element Rstfb, free of € poles and finite in the whole phase space, we can subtract
a real-virtual counterterm K ®Y) to (RV +1 (1)) 5;( at+1 (12) §X which must satisfy

K®RY) 4 1(12) is free of € poles; RV &%, — K®RY) §X ig phase-space finite . (22)

n+1

In analogy with the NLO counterterm K, we take K (RY) of the form
KE) = 3 {[§,~+EU (1—§i>]vaj+Aij}, (23)
i,j#i
where we have introduced a shift A;; which is finite under S;, C;; and cancels the remaining poles,
so that the conditions (22) are satisfied. We can thus define RVSffb as

RVX

sub

- + n+ 1 - no
(Rv +1M) 6%, + (109 - K®) 5 (24)

where, after summing up the sector functions, we get for I (U and 1 W2—KRY) ( o« j -/ 2 i, j, k)2

- ;‘_ﬂ[ig (z,ymZLcdRcd) (z¢, Z’)/JCLJr)RJr Zm( %)Rd] 25)

c,d#c c,d#c

12 RV) 2 (icd) ef (icd (lcd) (idc)
11-K®) —4a Z 8 { as Vﬁncd Z( )Bcdef +2Z ( ¢ )[ cded Bcded]
Ltic;fét fe;&t e#i,d
#1,C i,e

_(tcd) 1 (tcd)
SidSie (lcd)
+ lnz de (lcd) In 2 (,d (lcd) - In i
e;d Cded 2 Sed cdcd g;ﬁ;;d /J Sde cde

7
+ [ <6— §§2> (EC—I—ZCfd—ZCfC) + Z (¢hc —’y] “L; )
J
+Ca (6(21n Sie 1y 2id gy Zict >]B£i;d)}
Sed Sed ,u Scd

£402 Y (L) [Zam((w) <uc>> Zgo(um (irc))]

Lj#i CHELJ T
hcpv (z]r) |
2 lJ (ijr) 2 e plijr) 2\ pUjr)
+da 2 { _Vﬁn/lv JrZ [ln ﬂv lifle -2 2 (L ZLLd>ByV,Cd:|
L,j>i L;él] U] d#i,j,c
—(ijr) (€) (©)
S [ 235 cr’ 5007) pu P O I R ) ]
yv cr l/cr v, [ifle jicr HV lifle
C#L,J,r
1 (irf) h 2 ) | . .
+ 2|: Equl:;t v, {lj] (2inLir_Cf[i.f]pt] (4Llr—L ))B ; +(l<_)])
L;él]7 ( )
- [(6 -3 Q) (Zc —Cﬁ,«,-]p}fj}) + 28 4 G [ L (4L, -1 )]B(’”)}
. 13h g PR
~aa2 3 {[2ccn el e 2B s ) +—ﬁ‘_‘i”é,ﬁ’v">— %, A, 880},
ij>i STijlr Sij priy S

2 We used the shorthand notations £;;c, :Zlnii%j [27Lic+ln (s‘glc'ri)/s-i(_;ri))] and j;: —2L;. [27ch +ln<§§ir'i)//12)].

7



Towards the automation of the Local Analytic Sector subtraction Sandro Uccirati

where B.g4. is the completely antisymmetric tripole Born squared matrix element and Pﬁl:f[’jv the

ﬁmte part of the hard-collinear kernel PhC W= — gk [ Pyj—s; (2C, ZN“].(ri)+2Cﬁ I+ Q' where B, 0%

]r ") have been computed in [23] and can be found in [20]. We perform the integration of K (RV) ‘in
the radiation phase space following again the techniques of [20] and compute / (RY) defined as

J do, IRY) = fd(DnH K®Y). (26)
Adding back I®Y) to VV + I®), we can complete the subtraction procedure and get?
X _ 2 RV)) <X 2 RV (24+RV) | ;(2+RV)
vvE = (Vv 1@ 4 >)5n, 1) 4 [®) — G B 07
(2+RV) as V[ 11 1
S
Ipoles = (g) { ?EZCB—’—_Z [(EY—_ﬁO)B"' Z Lchcd] (28)
d
L7 z, Lea,
+—[< Zc—l—(ZZ ,3()) )B+ Z I < 4zy_ﬁ0)Bcd+2Lechdef>:|
Q) c,d#c e f#e
2 x,
+ - ZyaB—F—ZLCdBCd il Z—C—F— V+—2Lcdvcd s
€ 2 8 s €? € €
c,d#c c,d#c
2
(2+RV) _ [ Qs (0) O @7 he  h ), () )
Iﬁn - (2”) { [I +le LJV+ZIJ' ZZ yjcylc JV'LIV']B+ 2 [Ijr +Ijr LJV]BJV
J #J J
1 s
—2(1— (2—Ler)Ber + 1 In>¢€ 2 4= 1p32 “+2L1 <£>]B”
fzj;r Léc[ Sqe Ced T3 N\ 5w d
e#c,d
+Z cd[( —2(2——{3)(:,44-—,30—|—22¢+8(1—§2)Cfd
c,d#c c § IB 5 |
A $ 0 ¢ h
_ < 35 Z=Ca+ 12(]1+Lcd>+7)Lcd - 5(4_LC")ZVJ'CL"’]BC”’
J
s 3 [F24 042624420 - 5) Lea | Bedea
c,d#c
1 1
+ Z Lea [(1 - 0) Z Lea Bedea + Z Ley <1—§ Lcd"‘E Lchef> Bcdef]}
c,d#c e#d e, f#e
s h fi 1 fi
+ <ﬂ) { [2(/, —Zyjc Ljr] yln Z Ly (Z_ELCd> VC; }, 29)
J c,d#c
where the anomalous dimensions )7,52) and 75(12) read
W= (Saa)ar Ba A = wreie |(3sarea)a (oS a)a+ (Heie)m)

sl (et afie - (S-te)e]]

3 The coefficients 1(), 15.1), 1% I(.0>, I(.l) are given by (with Ng and N, the number of gluons and quarks respectively):

101 141 245 53 57 677 5669 85 11
(0) _ N202[100 141 245 3 5 25 5669 8 11
1 NgC, [ g ot (4] + NgCp [C (32 ot (H— (4) +C (432 +z0— {H— {4> +b’0( 36 2% 1243)]

13 125 245 77 53 20 13 245 73 1 11
+NeNg G [ (7——: Ha)+a(-he))+ Nz[cz(9 -Zat —:4) +B0(*7§(2)+CAB0(7§*7{2)]
737 4289 15 647 53 11
Ve[ (- a) + e (R -36) + (R -3a) + G (- e+ Ra-ua+ Ta) +qm( S - Fa-pa) |
q q 5 1 2
10 = GG [NaGe (3 10) +NeGu(5 - 12) + 3 Mebo—Cr (5 +40-20) + 6, (T —30+36) 80 57 +2)|

1| N €€y (10-72) = NgCopo (3 -3 0) + NeCE (5-78) + NeCho (5 +742)

2 11 3 5 (28 2 5
AN H DB+ GGy — 3G B+ € (?**4’2+5§3)* cun(3-32)].
1 1
1;2) = g(15cAf7;90715)cf - (scAfzﬁo)yj +2(2C
1 1
I}(r)) :(7l+3(272{3)CA75(13+10[2+2§3)ij+<5+2(3)7], 1“> (1-8)Ca+5 (4+70)Cp, — 2+2);
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2+RV)
oles
coming from linear and quadratic terms in the € expansion of V and V.4, whose knowledge is not

The pole part II() exactly cancels not only the poles of VV, but also the finite contributions

necessary in a universal subtraction scheme, as pointed out in [24].

4. Summary

We have presented the latest developments of the Local Analytic Sector subtraction. The
method takes advantage of the partition of the phase space through sector functions and allows
to easily identify counterterms by using the known singular limits of squared matrix elements,
accompanied by proper mappings of momenta. We have shown that the method can be applied
to initial- and final-state radiation at NLO in the massless case, producing a local subtraction
procedure for generic processes. The main achievement of the method is its application at NNLO
in the massless case, where we could derive a universal subtraction formula for final-state radiation,
completely analytic and suitable for direct implementation in any numerical code.
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